ABSTRACT In yeast, most amino acid biosynthetic pathways are coregulated: starvation for a single amino acid results in derepression of enzyme activities for many different biosynthetic pathways. This phenomenon is referred to as "general control of amino acid biosynthesis." In this paper we describe the isolation and characterization of 43 amino acid analog-sensitive (aasw) mutants that are perturbed in this general regulatory system. These 43 mutations define four unlinked complementation groups, AAS101, AAS102, AAS103, and AAS104, two of which identify previously unreported genes involved in general control. These aas mutants are unable to derepress a number of amino acid biosynthetic genes, resulting in increased sensitivity to amino acid analogs, reduced growth rates, and reduced enzyme activity levels under amino acid starvation conditions. Thus, the AAS' gene products function as positive regulatory elements for this system. We show that the AAS genes mediate these effects by regulating the mRNA levels of genes under their control.
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In prokaryotes, functionally related genes are organized into single transcriptional units called operons, the expression of which is controlled by positive or negative elements acting on a single adjacent regulatory region. In eukaryotes, however, functionally related genes are generally scattered on different chromosomes; neither operons nor polycistronic mRNAs have been identified (1) (2) (3) . Still, coregulation of these unlinked genes occurs, suggesting that regulation is mediated by a mechanism fundamentally different from that used in prokaryotes.
In several fungi, genetic and biochemical evidence indicates that genes in completely different amino acid biosynthetic pathways are also coregulated (4) (5) (6) (7) (8) . This phenomenon is called "general control of amino acid biosynthesis" (9) . In the yeast Saccharomyces cerevisiae, starvation for any single amino acid causes derepression of enzymes from all the different biosynthetic pathways under this general regulatory system: the branched amino acid, the basic amino acid,-and the serine and valine pathways (8) . It should be noted, however, that not all the enzymes within a single biosynthetic pathway are subject to general control. Also, the extent of derepression of the different enzymes that are regulated, even within the same pathway, may differ. Almost all of the amino acid biosynthetic pathways studied thus far are subject only to this general control and not to pathway-specific controls (8) .
The isolation of strains with regulatory mutations that affect the general control system has proven difficult. For most amino acid biosynthetic enzymes, derepressed levels are only severalfold higher than repressed levels. Therefore, subtle regulatory effects are not easily identified. Compartmentalization and sequestration of amino acids and enzymes into vacuoles creates another level of metabolic control that may obscure regulatory, mutant phenotypes (10) (11) (12) (13) (14) . Despite these problems, previous studies have identified several regulatory genes for general control: three positive regulatory genes that are necessary for the derepression of amino acid biosynthetic enzymes, AASI (also called NDR2), AAS2, and NDRJ, and three negative regulatory genes that are necessary for repression of these enzymes, TRA3, CDRI, and GENC (7, 8, (15) (16) (17) . Because very few mutant alleles were identified for any of these genes, it seemed possible that additional regulatory genes existed.
We have extended these studies to determine both the number and the mode of action of positive regulatory genes involved in general control by attempting to saturate the yeast genome with amino acid analog-sensitive (aas) mutations. This analysis has resulted in the identification of 43 independent mutations that define four unlinked complementation groups: AAS101, AAS102, AAS103, and AAS104. Two of these groups, AAS101 and AAS104, identify genes that have not been reported previously. All of the aas mutations prevent derepression of amino acid biosynthetic enzyme activities such that the starvation conditions created by the amino acid analogs cannot be overcome. This inability to derepress is reflected in lowered mRNA levels of genes subject to general control. Thus, the AAS genes effect amino acid biosynthetic enzyme derepression by increasing the corresponding mRNA levels.
MATERIALS AND METHODS
Media and Genetic Techniques. Yeast extract/peptone/ dextrose (YEP), minimal, minimal + all 20 amino acids (minimal/AA), and minimal + histidine (minimal/histidine) media, as well as all genetic procedures, have been described (18, 19 The publication costs ofthis article were defrayed in part by page charge payment. This article must therefore be hereby marked "advertisement" in accordance with 18 U.S.C. §1734 solely to indicate this fact. modifications. Twenty micrograms of RNA was denatured, electrophoresed through a formaldehyde gel, and blotted onto nitrocellulose as described in ref. 22 . Hybridizations were done with DNA probe at 4 x 105 cpm/ml, nick-translated as described in ref. 23 . Filters were washed as described in ref. 24 . The blots were exposed to Kodak XAR-5 x-ray film at -70°C, using an intensifying screen (DuPont Cronex). Densitometry tracings were taken on an Ortec 4310 densitometer.
RESULTS
Mutant Isolation. Mutants defective in general control of amino acid biosynthesis were isolated by treating the wild-type strain S288C with UV light and screening for enhanced sensitivity to several amino acid analogs. The rationale for this selection is that cells which are unable to derepress amino acid biosynthetic enzymes will be sensitive to amino acid analogs because they will not be able to overcome the starvation conditions created by these compounds.
Forty-three independent mutants were obtained that exhibit increased sensitivity to 5-methyltryptophan, aminotriazole, canavanine, and ethionine (analogs, respectively, of tryptophan, histidine, arginine, and methionine). These mutations were designated aas for "amino acid analog-sensitive," in accordance with the nomenclature of Wolfner et al (15 Complementation. Complementation groups were determined by testing the 43 aas mutants in pairwise combinations: (i) with strains containing previously isolated amino acid analogsensitivity mutations, ndrl, ndr2, aasl, and aas2 (7, 8, 15) , and (ii) with representatives of the 43 aas mutants themselves (see Table 1 ). The 43 aas mutations define four complementation groups, designated AAS101, AAS102, AAS103, and AAS104, and are distributed as follows: four alleles in AAS101, 20 
All 43 aas mutants isolated in this study and the wild-type parent S288C were screened for analog sensitivity by replica plating from YEP to minimal medium plus the indicated concentrations in mM of 5-methyltryptophan and aminotriazole and in ug/ml of canavanine and ethionine and incubated at 23, 30, Table 4 shows, the enzyme levels for wild-type S288C exhibit Wild-type S288C and the aas mutants listed were inoculated into 10 ml of YEP, incubated at 30°C with shaking for 6 hr, washed twice, and resuspended in minimal medium, and an aliquot was inoculated into 100 ml of minimal medium to give OD550 = 0.05. This culture was incubated at 30°C with shaking for 6 hr, harvested, resuspended in 10 ml of minimal medium, and inoculated into 100 ml each of minimal/AA (AA), minimal/histidine, and minimal medium to give ODssO = 0.2 and into minimal medium +10mM aminotriazole to give ODsso = 0.5. The OD550 of each culture was taken at 0, 1, 2, 3, 4, 5, 9, 10, and 29 hr. The doubling times were determined for the cultures in logarithmic phase. a small derepression effect on either minimal/histidine or minimal medium alone when compared to minimal/AA. A much larger derepression effect, 6-fold, is observed under conditions of complete histidine starvation on minimal/aminotriazole. [Wild-type cells exhibit only limited derepression on minimal medium alone because the internal histidine pool is very high (5 mM), and the basal wild-type level of synthesis of the histidine biosynthetic enzymes prevents depletion of this pool (27) . ]
For the aas mutants, HIS4C enzyme activity levels on minimal/AA, minimal/histidine, and minimal medium are the same, or slightly lower, than the corresponding levels for S288C. However, when starved on minimal/aminotriazole, the aaslOl, aaslO2, and aaslO3 strains show no derepression of HIS4C enzyme activity; the aaslO4 strain shows only partial derepression. Thus, unlike wild type, the aas strains do not derepress HIS4C enzyme activity under starvation conditions imposed by aminotriazole. To determine if this inability to derepress is an artifact resulting from the use of aminotriazole, starvation was alternatively elicited by growing a histidine auxotroph in minimal medium. As experiment B in Table 4 shows, his6 AAS' cells derepress HIS4C enzyme activity on minimal medium, but his6 aas strains are unable to derepress HIS4C under such histidine starvation conditions. Thus, the AAS+ genes are required for normal derepression of HIS4C enzyme activity when cells are starved for histidine, regardless of the conditions used to achieve such starvation. Fig. 1A shows, the parent S288C has a basal level of HIS4 mRNA on minimal/ AA, a small derepression effect is observed on minimal/histidine or minimal medium (about 2-fold by densitometry), and maximal derepression occurs when cells are starved for histi- 
RNA was prepared from wild-type S288C, aaslOl-1, aaslO2-15, aaslO3-15, and aaslO4-1 cultures grown at 30TC in minimal/AA (AA), minimal/0.6 mM histidine (H), minimal (M), and minimal/10 mM aminotriazole (AT) media, electrophoresed through an agarose slab, blotted onto nitrocellulose, and hybridized with two 32P-labeled probes simultaneously. (A) The hybridization mix contained the HIS4 probe pMG1 containing anEcoRP/Bgl II fragment internal to the yeastHIS4 structural gene, in pBR322 (unpublished data) and the URA3 probe YIp5 (28) . The unidentified band on the autoradiogram is from hybridization to the HIS4 probe and may be some specific degradation product. (B) The hybridization mix contained the ARG4 probe pYe(arg4)511 (29) and the URA3 probe YIp5. (C) The hybridization mix contained a TRP1 fragment from YCpl9 (30) and the URA3 probe YIp5. In each case, the extent of hybridization with the URA3 probe was used to normalize for the amount of RNA within each lane. dine on minimal/aminotriazole (over 4-fold). Each of the mutated aas genes interferes with one or both of these incremental steps. In the aaslOl strain it is striking that no derepression of the HIS4 mRNA above basal level is detectable under any of the growth conditions. For aaslO2 and aaslO3, the extent of derepression on minimal/aminotriazole is less than that observed for wild type (1.8-and 2.5-fold, respectively). aaslO4 does not appear to derepress for the first step, but does derepress on minimal/aminotriazole, though to a lower final level than S288C (about 3-fold). aas2 is also unable to derepress HIS4C mRNA on minimal/aminotriazole (data not shown). These results imply that the role of the AAS genes is to regulate the mRNA levels of at least the HIS4 gene.
To determine if the AAS genes also affect the levels of mRNA for other amino acid biosynthetic pathway genes under general control, we used blot hybridization analysis to assay ARG4 mRNA. ARG4 codes for argininosuccinate lyase in the arginine biosynthetic pathway and has been shown by enzyme assays to be under general control (16) . As Fig. 1B shows, S288C derepresses ARG4 mRNA in two steps to a maximum of about 3-fold. In contrast, aaslOl mutants show reduced basal levels and no derepression at all on any of the media; aas102 and aaslO3 show no derepression from the normal basal level; and aaslO4 shows a small reduction for each step, with a maximum derepression of about 2-fold. Thus, under conditions of starvation for a single amino acid, histidine, the AAS genes function to regulate the mRNA levels of not only the HIS genes but also a gene in a completely different biosynthetic pathway, ARG4.
To determine if this mRNA regulation is specific only for those biosynthetic genes under general amino acid control, we have also analyzed the TRPI gene (which codes for phosphoribosylanthranilate isomerase in the tryptophan biosynthetic pathway). Enzyme assays have determined that TRPI is not subject to general control (8) . As Fig. 1C indicates, the wildtype S288C parent shows no difference in the levels of TRPP mRNA (normalized to the levels of URA3 mRNA) under any of the amino acid starvation or repression conditions tested. The aas mutants behave just like S288C. Therefore, the AAS genes appear to effect only mRNA derepression of amino acid biosynthetic genes that are subject to general control.
DISCUSSION
In S. cerevisiae, regulation of amino acid biosynthetic pathways is achieved by a general control system in which starvation for any single amino acid leads to derepression of many genes in most amino acid biosynthetic pathways. In this paper we have extended studies of this general control to describe the isolation and characterization of 43 independent aas-(amino acid analog-sensitive) mutants that perturb this regulation by preventing normal derepression. The Proc. Nati Acad. Sci. USA 80 (1983) for general control of amino acid biosynthesis.
The four AAS genes analyzed here are involved to various degrees in this regulation. Mutations in AAS101, one of the genes identified in this paper, result in the most severely defective phenotype, as judged by any of the following criteria: analog sensitivity, enzyme activity levels, and mRNA levels.
The aas mutants prevent derepression of at least the histidine, arginine, tryptophan, and methionine pathways, as evidenced by their acquired sensitivity to analogs of these amino acids. Specifically, we have assayed HIS4C 
